Ten years ago, the first finding of apoptotic cell death on the 'crime scene' of cardiac ischemia/reperfusion injury profoundly dismayed the scientific community. This observation jarred with the deeply rooted conviction that cardiac myocytes stoically 'break, but do not bend' in the fight against ischemia, instead of spontaneously accepting a peaceful demise for the greater good. Ten years later, a number of studies not only proved right the coexistence of necrosis and apoptosis on the ischemic battle field, but also implicated myocyte apoptosis in the pathogenesis of all the shapes and shades that cardiac ischemic injury can take on.
Introduction
Sudden rupture of a vulnerable atherosclerotic plaque in a coronary artery leads to coronary occlusion with resulting acute myocardial infarction (AMI). In this event, myocardial injury ensues as a consequence of the imbalance between oxygen supply and demand. The estimated annual incidence from AMI is 865 000 (including 565 000 new and 300 000 recurrent AMI), with a mortality rate of 184 757 in 2001. 1 Reperfusion therapy aimed at inducing pharmacological and/ or invasive reopening of the occluded coronary artery was shown to reduce the extent of infarctions, as well as to improve survival, provided that it was started as soon as possible after the onset of ischemia. 2 However, if coronary flow is not re-established or is re-established with delay, postischemic cardiac cell loss and ventricular remodeling progress to heart failure in up to 40% of patients. 3 Prevention of postischemic cell death still appears to hold the most promise, although there is hope that cardiac repair eventually may be accomplished by cell replacement either through induction of cell division 4 or replacement by stem cells. 5 Periods of ischemia longer than 20 min inevitably result in irreversible cardiac damage with subsequent cell loss by necrosis and apoptosis. Apoptosis is a highly controlled cell death process, which is autonomously committed by fully healthy or sublethally injured cells in response to physiological or pathological stimuli. This suicidal scheme is achieved through a complex series of ordered biochemical events and finalized without any inflammatory response. 6 In contrast to apoptosis, necrosis commonly arises from fatal external insults and results in spillage of the cellular content, with subsequent inflammation. 7 Unlike necrotic cell death, which is unanimously recognized as the prototype of ischemic cell death, clinically diagnosed by documentation of myocyte release of cytosolic constituents (such as creatine kinase MB, troponins and other proteins), 8 apoptosis has been implicated in the pathogenesis of several acute and chronic conditions affecting the cardiovascular system only in the last decade. 9 The involvement of apoptosis in the pathogenesis of cardiovascular diseases was discounted, since apoptosis was initially assumed to be restricted to dividing cells developing tissues and homeostasis of continuously renewing cell populations. 10 This view has been amended to recognize that terminally differentiated, nondividing cells can undergo apoptosis in response to pathologic insults such as ischemia/ reperfusion. and endothelial cell apoptosis in ischemic/reperfused rabbit hearts exposed to 30 min of ischemia followed by 4 h of reperfusion, although not in normal or continuously ischemic myocardium. 12 Loss of endothelial cells precedes and may predispose to cardiomyocyte apoptosis, 13 indicating that salvaging endothelial cells is of paramount importance. Whether myocyte apoptosis was initiated during ischemia but dependent on reperfusion or whether it was a feature of reperfusion injury awaited further study. Fliss and Gattinger 14 documented that reperfusion accelerated the appearance of apoptosis in rat hearts subjected to 45 min of ischemia followed by 60 min of reperfusion, but reduced the number of apoptotic cells when compared to continuously ischemic tissue, in which the development of apoptosis was slower but more extensive. Freude reported apoptosis after 6 h of reperfusion, among a percentage of necrotic cells higher than 90%, in dog hearts exposed to global ischemia for 90 min. 15 The temporal distribution of apoptotic cell death in the two distinct phases of the process was further investigated in order to clarify not only the relative contribution of ischemia alone in triggering apoptosis but also the role played by reperfusion injury either in inducing apoptosis by itself and/or in completing the apoptotic process already commenced during ischemia. This task proved to be anything but easy. Part of the problem was methodological and related to the inability of the techniques at our disposal to distinguish both decisively and in a time-resolved manner between apoptosis and necrosis. The most commonly used technique to detect apoptosis in tissue sections is TUNEL staining, an enzymatic reaction that labels with modified nucleotides the free 3 0 -hydroxy ends of fragmented DNA, characteristic of the apoptotic process. 16 However, since DNA fragmentation is a relatively late event in the apoptotic process, this does not exclude the possibility that some cardiac myocytes from ischemic/reperfused hearts have already initiated the apoptotic program, although undetectable by TUNEL assay. In order to reduce the possibility of under-rating the incidence of cardiac apoptosis and misreading the time course of the process in the acute situation, the data supplied by TUNEL have been integrated with additional techniques, enabling molecular identification of changes occurring during apoptosis earlier than DNA fragmentation. With respect to apoptotic molecular hallmarks, caspase activation is one mechanism widely implicated in the initiation as well as execution of the process, despite the diversity of signals that can induce apoptotic cell death. 17 Detection of cleavage of caspase-3 after ischemia alone in cardiac cells, which are otherwise TUNEL negative, 18 and colocalization of cleaved caspase-3 labeling with TUNEL staining during reperfusion, 13 suggested that ischemia per se is sufficient to initiate apoptosis, although reperfusion is required to complete the process to the stage of DNA fragmentation.
The role of caspases in myocardial cell death after ischemia/reperfusion is controversial. While a number of studies have documented cardiomyocyte salvage by perfusion of caspase inhibitors, 19, 20 a role for calpains in the process has also been demonstrated. [21] [22] [23] The existence of redundant systems to ensure degradation of proteins and DNA in the lethally injured cell begs the question why enzymatic destruction is desirable. It has been suggested that apoptotic death does not provoke an inflammatory response, which may have consequences for wound healing and remodeling, a topic we will address later in this review.
Controversy over assessment of cell death
Establishing the relative contributions of apoptosis and necrosis to myocardial ischemia and reperfusion injury is important because of the therapeutic implications. However, since stressors, experimental context, as well as operational definition of apoptosis may greatly differ among investigators, a homogeneous interpretation of the data coming from different studies is inevitably challenging. First of all, many of the foregoing experiments were carried out on rabbits, rats and dogs, yet it may not be reasonable to assume that events follow the same course in different species. It is also an excessive approximation to assume that one can generalize from neonatal to adult cardiac myocytes (which differ in their glycolytic capacity, calcium handling and susceptibility to apoptosis); from cultured cells to the intact heart (which differ in the presence of diverse cell populations and cell-cell connections); or from ex vivo to in vivo studies (which differ in cardiac work, as well as in the concurrence of host immune responses, platelets and other coagulation factors).
Furthermore, the accurate description of the incidence of a phenomenon depends on the duration of the event under study. Apoptotic changes occur in a predictable sequence of variable duration. Suzuki has recently shown that in primary cultures of adult rat cardiomyocytes exposed to H 2 O 2 , the entire apoptotic sequence, from stimulation to DNA fragmentation, needs 14 h to be finalized. 24 Work by Goldstein showed that although a variable time may elapse after an insult, during which time the cell may appear normal, the apoptotic process, once initiated, proceeds rapidly (the interval from onset of cytochrome c release to phosphatidylserine externalization was less than 2 h). 25 Thus, studies that score apoptosis at less-frequent intervals will underestimate the incidence of apoptosis. Underestimation can also occur during the 'decision phase', when cells appear morphologically normal.
Apoptosis affecting cardiac myocytes exposed to ischemia/ reperfusion injury might require more time than in other experimental settings. In fact, the shortage of ATP caused by ischemia, according to its grade of severity, seems to be pivotal in establishing the type of cell death, which injured cells are fated to undergo. 26 In this regard, necrosis would take place when energy supplies are near exhaustion; conversely, a less severe depletion in ATP would be sufficient to start the apoptotic machinery but not to conclude the process, whose culmination would be permitted only after reoxygenation of ischemic myocytes. 27 Supporting this observation was the finding that caspase-9 activation elicited by mitochondrial damage cannot take place in the absence of ATP. 28 Another possible cause of underestimation of apoptotic cell death in tissue sections appears to be the inaccurate quantification of positive cells by means of techniques based solely on the detection of DNA cleavage. In line with this interpretation, Takemura documented that TUNEL-negative myocytes could otherwise exhibit morphological features indicative of apoptosis. 29 In contrast, other reports have sternly criticized the specificity of TUNEL, both postulating that TUNEL-positive myocytes may also be oncotic, 30 and showing occurrence of DNA replication in cells labeled by TUNEL staining. 31 In addition, a study from Kahno reported that cells undergoing DNA repair might also show TUNEL positivity. 32 In spite of the sharp censure, a more extensive rendering of the literature seems to indicate that TUNEL technique has survived the line of criticism. It has been shown that TUNEL-positive cells are not seen in normal hearts and are distinct from the unstained necrotic areas produced by prolonged ischemia. 33 Moreover, TUNEL accuracy seems to be further validated by the recent introduction of molecular probes regarded as being the most decisive method of differentiating apoptosis from necrosis, since they are capable of recognizing different aspects of DNA fragmentation. 34 In fact, when TUNEL reliability was tested by assessing apoptosis in the myocardium with PCR-generated Taq polymerase probes, both techniques produced similar results. 35, 36 Furthermore, other in vivo experiments supporting the employment of TdT have provided evidence that necrotic myocytes specifically stained by anti-myosin antibody are TUNEL negative. 37 
Mitochondrial dysfunction in ischemia/ reperfusion
Programmed cell death in the heart shares common features with the process taking place in other cell types. Both receptor-dependent signaling and the mitochondrial pathway have been shown to contribute to cell death. 38 Given the critical role of the mitochondria in meeting the energy requirements of the cell, it is clear that preserving mitochondrial viability is essential to preserving overall cardiac function. Mitochondria provide ATP, and participate in calcium homeostasis in the normal setting. In the context of ischemia, mitochondria represent a potent source of reactive oxygen species (ROS), may serve as an additional drain on limited energy stores (if the F 0 F 1 ATPase is allowed to run in reverse) and can release cytochrome c, an essential cofactor for caspase-9 activation. In addition, ischemic mitochondria, which initially sequester calcium in a futile and energyconsuming cycle, may eventually release it, along with cytochrome c and other proapoptotic factors, in a catastrophic bolus, upon opening of the mitochondrial permeability transition pore. 39 Recent work has shown that ischemic or pharmacologic preconditioning raises the threshold for mitochondrial permeability transition pore opening, underscoring the importance of preserving mitochondrial integrity. 40, 41 Loss of homeostatic ability, failure of ATP production, excessive ROS and activation of apoptosis all conspire to ensure the destruction of the cell, whose mitochondria are irretrievably damaged. These competing processes may result in cell death that resembles either apoptosis or necrosis. Interventions that enable preservation of mitochondrial integrity will attenuate both forms of cell death. These include, among the others, overexpression of antiapoptotic Bcl-2 family members, 42 overexpression or protein transduction of the apoptosis repressor with caspase recruitment domain (ARC), 43 induction and opening of mitochondrial K(ATP) channel, 44 as well as oral supplementation with mixed essential amino acid. 45 
Apoptosis and persistent severe ischemia
Translocation of phosphatidylserine from the inner to the outer leaflet of the cell membrane is a well-recognized immunological signal by means of which apoptotic cells and apoptotic bodies are engulfed by competent phagocytic cells provided with specific phosphatidylserine receptors. 46, 47 However, although apoptosis is effectively distinguished from necrosis by the retention of intracellular contents, delayed or impaired removal of apoptotic cells by phagocytes inevitably results in secondary necrosis of the apoptotic remnants over a period of hours. This shift is most likely to take place in cardiac cells exposed to continuous severe ischemia. Evidence of the transition from apoptotic to necrotic cell death in the heart was first provided by Kajstura, who evaluated quantitatively from 20 min to 7 days after permanent coronary occlusion the relative contribution of apoptosis and necrosis to infarct size in a rat model of myocardial infarction. 48, 49 After 2 h of persistent ischemia, in the infarcted portion of the left ventricle 2.7 millions of cardiac cells were apoptotic and only 90 000 necrotic. The magnitude of apoptotic cell death peaked at 4.5 h, while necrosis reached a maximum level at 1 day after coronary ligation. Although apoptotic cell death was shown to be the major independent variable contributing to infarct size, accounting for 86% of total cell loss, the authors also emphasized that apoptotic myocytes in the infarcted myocardium acquired necrotic features, with heavy switch from apoptosis to necrosis in the late stages of ischemia. A transition phase characterized by findings of cardiac cells showing concurrently the stigmata of both apoptotic and necrotic cell death was also documented in human autopsied cardiac tissue from cases of AMI. [50] [51] [52] Evidence of apoptotic cell death was found not only in the core of fresh myocardial infarctions but also in both the hypoperfused border zone (between central infarct area and surviving myocardial tissue) and the remote noninfarcted myocardium. 53, 54 Quantitative assessment of apoptotic cell death documented TUNELpositive staining in 12% of myocytes in the border zone, whereas 1% of cardiac cells were undergoing apoptosis in the remote myocardium, suggesting that apoptosis was a complicating factor of AMI, leading to extension of total myocyte cell death following an acute coronary occlusion. 53 Data from animal models of ischemia/reperfusion injury seem to indicate that the occurrence of apoptotic cell death in the surviving portion of the ischemic ventricle mainly depends on the duration of the ischemic insult and the extent of the resultant infarct size. Multiple infarctions due to embolism of small coronary arteries induced by microsphere injection in dogs 55 and very large infarctions induced by permanent coronary occlusion in rats, 56 both resulting in severe heart failure, have been associated with the presence of TUNELpositive myocytes in the surviving tissue surrounding the old infarction. Conversely, in the rabbit heart reperfused after exposure to 30 min of ischemia, which resulted in a relatively small infarct size with no evidence of heart failure, TUNEL-positive staining in salvaged myocytes was very rare, suggesting that the discrepant results between these studies would be resolved by the adoption of different animal models of ischemia/reperfusion injury, with and without the complication of postischemic heart failure. 57 Apoptosis in the healing heart and ventricular remodeling following myocardial infarction
During the acute inflammatory phase following a myocardial infarction, the necrotic area is infiltrated by a large population of inflammatory cells, including neutrophils and macrophages. These cells are progressively replaced by granulation tissue, which consists of a variegated cellular pool, comprising myofibroblasts, macrophages and endothelial cells, and finally evolves to the formation of a permanent cardiac scar. The progression of the histological events, which lead to healing of the heart after an AMI, have been characterized and reported both in animals and humans. 58, 59 Takemura documented that apoptotic cell death contributes importantly to the removal of the various cell populations, which inhabit the damaged myocardium during the acute and subacute phase of the repair process. 57 However, although endothelial apoptosis seems to account for the progressive loss of vessels and reduced blood supply to the healing area, playing therefore a straightforward negative role, it is still controversial whether myofibroblast apoptosis would be beneficial or detrimental. Myofibroblasts, which have been identified in both rat 60 and man, are interstitial spindle-shaped cells 59 sharing features of fibroblast and smooth muscle cells. 61 In addition to collagen synthesis, 61 which seems to be their predominant functional role, it was suggested that myofibroblasts would provide the wound with contractile properties. 62 However, although the massive appearance and proliferation of myofibroblasts in the infarcted area followed by their progressive demise by apoptosis would imply a role for myofibroblasts in the pathogenesis of abnormal ventricular remodeling, the factual contribution of myofibroblasts to healing and remodeling of the infarcted ventricle is still unknown. Since myofibroblasts in the infarcted area may contribute to the scar formation by collagen synthesis, it follows that promotion of myofibroblast apoptosis may result either in attenuation of pathological fibrosis in remodeling or in structural penchant to aneurismal development due to diminished connective tissue. Conversely, lessening of myofibroblast apoptosis may either reduce the risk of ventricular dilation, making scar tissue collagen-rich, or achieve the opposite effect of causing prolongation of fragile granulation tissue.
Subsequent studies, investigating the causal role of myocyte apoptosis in the pathogenesis of left ventricle remodeling following myocardial infarction, correlated increased apoptotic rates with specific features of postinfarct remodeling. In the rat heart surgically exposed to permanent coronary occlusion, Palojoki documented a correlation between diastolic left ventricular diameters (1-4 weeks after infarction) and cardiomyocyte apoptosis in the remote noninfarcted myocardium, although not in the border zones. 63 Furthermore, in a post-mortem study conducted on a small population of patients who died within 10 to 62 days after a myocardial infarction, accelerated myocyte apoptosis in the infarcted and remote areas correlated with left ventricular dilation and thinning of noninfarcted remote myocardium, respectively. 64 
Myocyte apoptosis and iatrogenic ischemia/reperfusion injury
During cardiopulmonary bypass, the cardioplegic arrest and subsequent reperfusion inevitably expose the human heart to an iatrogenic ischemia/reperfusion injury. Although different cardioplegic techniques (crystalloid, cold and warm blood cardioplegia) have been developed to prevent this injury, 65 the protection given to the heart by cardioplegia is often inadequate, especially for surgical procedures requiring prolonged cardiac arrest. In a study carried out in patients receiving three different cold antegrade crystalloid cardioplegic solutions (St. Thomas II, Bretschneider or Hamburg, Germany), DNA fragmentation assessed by TUNEL staining in atrial biopsies was qualitatively documented in subendocardial myocytes and endothelial cells following cardioplegic arrest and reperfusion, although not in prebypass samples. 66 Likewise, functional and ultrastructural changes occurring in cardiac myocytes and the coronary circulation have been described in the human heart protected by cold blood cardioplegia. 67, 68 More recently, also warm blood cardioplegia, which nowadays is regarded as the state of art of intraoperative myocardial protection, 69, 70 has been associated with myocyte apoptosis. In a quantitative study evaluating the occurrence of apoptosis in atrial myocytes from patients exposed to cardiopulmonary bypass, warm blood cardioplegia and subsequent reperfusion, 43% of cardiac cells showed colocalization of TUNEL and cleaved caspase-3 staining after 40-55 min of cardioplegic arrest followed by 10 min of reperfusion, while the proportion of positive myocytes was almost doubled in patients exposed to roughly twice the duration of cardioplegic arrest followed by the same reperfusion time. 71 This study confirmed that, in patients undergoing on-pump cardiac surgery, cardioplegia may ameliorate, but does not totally prevent, myocyte apoptosis, whose rates significantly correlate with the length of time on bypass. The loss and functional impairment of myocytes following cardioplegic arrest are known to reduce cardiac contractility directly, resulting in greater mortality and morbidity associated with on-pump cardiac surgery. 67, 68 Although atrial changes may not fully reflect cell death in ventricular myocytes, these findings suggest that minimization of myocyte apoptosis may possibly reduce the risk of postsurgical cardiac dysfunction in patients exposed to the inescapable ischemia/reperfusion injury associated with cardiopulmonary bypass surgery.
In vivo visualization of myocyte apoptosis in ischemia/reperfusion injury
As stated previously, apoptotic cells show early redistribution of phosphatidylserine residues from the inner to the outer leaflet of the plasma membrane lipid bilayer. 46, 47 This externalization process is a standardized trait of apoptotic cell death occurring earlier than DNA degradation. The human protein annexin V was shown to bind with high affinity to cells exposing phosphatidylserine both in vitro 47, 66, 72 and in vivo. 73, 74 On the basis of these encouraging results, annexin V, either alone or coupled to technetium 99m, was injected in a rat model of acute cardiac allograft rejection for in vivo evaluation of apoptotic cell death. 75 Scintigraphic radionuclide imaging showed in cardiac allografts a net increase in the uptake of radiolabeled annexin V, while antiannexin V immunostaining revealed intense positivity of numerous myocytes, related to the occurrence of both necrotic and apoptotic cell death. These findings suggested that in vivo localization of annexin V is not exclusively specific for apoptosis, given the ability of annexin V to insinuate through the disrupted membranes of necrotic cells, and bind to their internally located phosphatidylserine residues. In a successive study, Dumont used for the first time labeled human recombinant annexin V in order to detect myocyte cell death in an in vivo mouse model of cardiac ischemia/reperfusion injury. 76 Annexin V-positive labeling was found in 1.4% of cardiac cells after 15 min of ischemia and 30 min of reperfusion, and this number increased to 411% when the same ischemic period was followed by 90 min of reperfusion. The specific activation of apoptotic cell death was confirmed performing DNA gel electrophoresis, which showed typical laddering starting after 15 min of ischemia followed by 30 min of reperfusion. The binding of fluorescent-labeled annexin V to single cardiomyocytes was subsequently visualized by means of a high-magnification real-time imaging system in the heart of living mice undergoing ischemia/reperfusion injury. In line with previous findings, 13 labeling of cardiac myocytes imaged at the single-cell levels was shown to start after a few minutes of reperfusion preceded by 30 min of ischemia, and climaxed after 20-25 min of reperfusion. 77 The challenging task to detect apoptotic cell death in vivo in a clinical setting was finally addressed by Hofstra in patients with AMI subjected to primary coronary angioplasty. 78 Among seven recruited patients, six of them developed in the early stages of reperfusion increased technetium 99m-labelled annexin V uptake in areas of the myocardium with contextual matching perfusion defects, which suggests occurrence of cell death in the infarcted region, although not in the remote areas. Although qualitative (or at most semiquantitative) and not suitable for the specific detection of apoptosis, this molecular imaging technique holds the unique potential to provide a noninvasive description of the time kinetics of both necrotic and apoptotic cell death in the entire human heart exposed to ischemia reperfusion injury.
Apoptosis and hibernating myocardium
In patients with critical coronary stenoses, the hypoperfused myocardium exposed to chronic or repetitive ischemic insults undergoes a 'hibernation' process, which is mainly characterized by dysfunctional contractile performance and preserved cellular viability. 79 A functional downregulation of the hibernating heart, thereby allowing the attainment of a metabolic balance between oxygen demand and supply, has been suggested as a feasible explanation of the retained myocardial viability. This prerogative of the dysfunctional myocardium is confirmed by striking pieces of evidence, namely the ability of the hibernating myocardium to provide a contractile response to low-concentration inotropic stimulation, 80 the enhanced glucose uptake documented by positron emission tomography (PET) in the hibernating segments 81 and the contractile recovery of cardiac function following surgical revascularization procedures. 82 In patients with delayed recovery in cardiac function following bypass cardiac surgery, the histological evaluation of cardiac biopsies obtained from the hibernating regions documented the presence of cardiac cells undergoing a dedifferentiation process, with structural and biochemical features of fetal myocytes. 83 The additional finding in the same samples of an increased interstitial space in the absence of myocyte atrophy put forward the question of whether cell death could occur. In a pig model of cardiac hibernation, following persistent and severe, although not complete, coronary stenosis, myocyte apoptosis was detected by TUNEL assay, occasionally in association with patchy necrosis. 84 Qualitative occurrence of myocyte apoptosis was also observed in the human hibernating myocardium in conjunction with reparative fibrosis, as well as disorganization of contractile and cytoskeletal proteins, suggesting that cellular degeneration, rather than adaptation, is the main histological feature of cardiac hibernation. 85 Although lacking a quantitative connotation, these data have important clinical implications. Occurrence of ongoing myocyte apoptosis in the chronic condition of cardiac hibernation, even though at very low rates, in a long-term perspective would certainly result in substantial cardiac cell loss, with timedependent reduction of the possibility to achieve full structural and functional recovery after adequate restoration of the coronary flow. In line with this speculation, in patients with multivessel coronary disease and myocardial hibernation undergoing coronary bypass surgery, the postoperative recovery in cardiac function was inversely proportional to the severity of the morphological changes 86 and enhanced in patients with a short history of hibernation, suggesting that early revascularization should be recommended to minimize the progression of cell degeneration in the hibernating myocardium and improve postoperative outcome. 86 
Functional repercussions of apoptosis in the heart
The role exerted by myocyte apoptosis in contributing to the extent of cardiac damage following ischemia/reperfusion injury has been extensively investigated. Caspase inhibition by means of broad-spectrum 87, 88 and selective cysteine protease inhibitors, 38 pharmacological modulation of primary and secondary caspase activation, 89 mitochondrial protection achieved by overexpression of the antiapoptotic gene Bcl-2, 42, 90 attenuation of the death receptor-mediated pathway by cardiac inhibition of TNF-a 91 and the creation of multiple genetic mutations in the apoptotic signaling pathways 92 have documented that inhibition of apoptosis in the ischemic/reperfused heart by means of diverse approaches induced not only a reduction in cell death, as expected, but also, more importantly, an enhancement of postischemic recovery of cardiac function. This consideration is undoubtedly of paramount importance since the finding of minimized cell death not associated with enhancement of cardiac function would have only limited translational power and therefore clinical relevance. Cardiac dysfunction is likely to occur also during the early stages of apoptosis, and independently from the completion of the process. Caspase activation, for instance, has been associated with early myofibrillary protein cleavage, resulting in decreased ATPase activity and contractile dysfunction, before the occurrence of the typical DNA fragmentation detected by TUNEL staining. 93 In line with these findings, cardiac broad myofibrillary loss, together with extensive myocyte activation of caspase-9 and -3, largely independent of DNA fragmentation, was also documented in a case of sudden death temporally related to ephedra intake. 94 Since caspase activation was also detected during relatively short periods of ischemia alone, in the absence of DNA cleavage, 13, 18 it is possible that activated caspases may contribute to cardiac dysfunction also in the early phase of ischemia, inducing precocious breakdown of myofilaments with subsequent contractile impairment, before the completion of the apoptotic process, and independently from necrotic cell death. Considering the massive requirement for mitochondrial ATP production in the heart, it is worth noting that caspase activation can impair mitochondrial respiration. 95 However, although captivating and partially supported by experimental and human data, this hypothesis, suggesting a causative role of caspase activation in the induction of cardiac dysfunction, still needs to be validated in the intact heart exposed to ischemia/reperfusion injury.
Increasing the apoptotic/necrotic ratio to modulate the postischemic inflammatory response
In the face of the coexistence in the same pathological context, necrosis and apoptosis are modes of death fully differentiable, not only on the basis of their specific biochemical and morphological features but also in terms of direct repercussions on the affected tissues. Culmination of necrotic cell death with disruption of the cell membrane results in spillage of the cytosolic content with subsequent inflammatory reaction, characterized by leukocyte infiltration and phagocytosis. On the other hand, completion of apoptosis is characterized by formation of several membrane-bound apoptotic bodies, which are engulfed by macrophages and neighboring cells, without a minimal inflammatory response. Although contributing to tissue repair as well as scar formation, 96 the inflammatory reaction triggered in the reperfused infarct area can also worsen the ongoing myocardial injury. This has been extensively documented by several studies reporting beneficial effects on cardiac injury and function following attenuation of the inflammatory response associated with myocardial infarction, both in the experimental [97] [98] [99] [100] [101] [102] and clinical setting. 103, 104 Leukocyte release of proteolytic enzymes in the reperfused infarction, besides promoting disruption of normal myocardial cells and tissue loss within the necrotic zone, can also weaken the connective tissue scaffolding of the heart. When this happens, disproportionate thinning and dilation of the infarct zone prior to the formation of a firm fibrotic scar ensue, leading to a notoriously common complication known as 'infarct expansion'. 105 This complication, which is easily diagnosed by echocardiography as elongation of the infarcted region of the ventricle, 106 can be observed in over 75% of patients with myocardial infarction, and is significantly associated with both higher mortality and incidence of nonfatal complications, such as heart failure and ventricular aneurysm. 107 More rarely, infarct expansion may result in rupture of the free wall of the infarcted ventricle into the pericardium, leading to progressive and frequently lethal hemodynamic impairment due to cardiac tamponade. 108 Therefore, besides the reduction in infarct size, the attenuation of the inflammatory response associated with necrotic cell death also exerts beneficial effects on clinical outcomes in patients with AMI. In this scenario, the inflammation-free removal process of terminal apoptotic remnants would be preferable to necrosis, from the perspective of bystander cells.
In the specific setting of myocardial infarction, the next task will be the development of alternative strategies aimed at enhancing cardioprotection, by modulation of the balance between necrosis and apoptosis within the infarcted area. Endorsement of apoptosis to the detriment of necrosis may lessen postinfarct complications by attenuation of the postischemic inflammatory reaction. Following an infarction, any strategy with the potential to minimize cardiac cell loss should be attempted, including the paradoxical welcome of apoptosis in the infarcted area, as long as it is associated with a reduction in myocyte necrosis. Choosing the less brutal of the two enemies by swapping necrosis with apoptosis may save a number of lives.
Conclusions
The first description of apoptotic cell death in the ischemic/ reperfused myocardium provoked consternation, 10 years ago, in the scientific community. This shocking finding dramatically clashed with the prevailing belief that cardiac myocytes stoically 'break, but do not bend' in the fight against ischemia, instead of willingly accepting sacrifice for the greater good. After 10 years, a myriad of studies not only proved right the pioneering concept of coexistence of necrosis and apoptosis on the 'crime scene' of ischemia/reperfusion injury but also documented that apoptosis is widespread in all the shapes and shades that cardiac ischemic injury can take on. Since the apoptotic death process, unlike the necrotic demise, is started, conducted and finalized through a complex series of ordered biochemical events, specific interventions carried out at different levels may arrest the program, permitting cells to survive and even repair themselves. The capacity of myocytes to self-terminate by means of the energy-dependent mechanism of apoptosis testifies that cells committed to apoptotic demise are still alive and potentially retrievable from the tunnel of death. Myocytes committed to apoptosis are likely to be reversibly damaged, otherwise they would die by necrosis. The notion that a high percentage of cells are salvageable is borne out by variegated interventions, such as ischemic preconditioning, 109 urocortin administration, 110 protein kinase C modulation, 111 cytochrome P450 inhibition 112 and Src inhibition, 113 which induced substantial reduction in necrotic and apoptotic cell death in experimental models of myocardial ischemia/reperfusion. Some caution must be taken when contemplating applying these encouraging results to humans, since all experimental animal models have been designed to yield informative results by limiting the duration of ischemia, and by utilizing young, healthy and genetically homogeneous animals. It should not be surprising that demonstration of cardiac salvage by any intervention has proven to be considerably more challenging in the clinical setting. Nonetheless, identification of potential targets that can achieve cardiac salvage after ischemia raises hope that reduction of infarct size and postischemic complications is a clinically attainable goal.
